The determination of accurate and precise isochron ages for igneous rocks requires that the initial isotope ratios of the analyzed minerals are identical at the time of eruption or emplacement. Studies of young volcanic rocks at the mineral scale have shown this assumption to be invalid in many instances. Variations in initial isotope ratios can result in erroneous or imprecise ages. Nevertheless, it is possible for initial isotope ratio variation to be obscured in a statistically acceptable isochron. Independent age determinations and critical appraisal of petrography are needed to evaluate isotope data. If initial isotope ratio variability can be demonstrated, however, it can be used to constrain petrogenetic pathways.
INTRODUCTION
As isotope studies of igneous rocks become more detailed and the precision and accuracy of analytical methods improve, it has become increasingly clear that isotope heterogeneity is common among the constituent components (e.g., Simonetti and Bell, 1993; Geist et al., 1988; Davidson and Tepley, 1997) (Fig. 1) . Initial isotope ratio variations among minerals are the consequence of multistage petrogenetic processes, and mineral-scale isotope data provide new insights into how magma systems evolve. Processes such as crustal contamination, partial assimilation, and magma recharge can, in principle, be identified from core-to-rim traverses of single minerals or from melt inclusions, provided that the components involved are isotopically distinct (Davidson et al., 1998) .
The occurrence of significant isotope variation among mineral phases in Holocene volcanic rocks questions a fundamental tenet in isochron geochronology-that the initial isotope composition of the analyzed phases is identical. If variations in isotopic composition are common among the components (crystals and melt) of zero-age rocks, should we not expect similar characteristics of older rocks? We explore the consequence of initial isotope variability and the possibility that it may compromise geochronological interpretations.
INITIAL ISOTOPE RATIOS AND ISOCHRONS
Given a large range in Rb/Sr ratio, representative of, for example, the minerals in a granite, we can show that variations in initial isotope ratio that are entirely analytical ( Fig. 2A ) predictably lead to a nearly perfect isochron when aged for 20 m.y. (mean square of weighted deviates, MSWD ϭ 0.097). If we simulate in the initial ratio a real petrogenetic variation of ϳ1500 ppm-comparable with ranges commonly found in volcanic rocks (Fig. 1 )-then 20 m.y. of aging produces an errorchron age of 20.6 Ϯ 0.95 Ma (Fig. 2B) , which is within error of the 20 Ma age used. Thus, a random but real variation in initial ratio translates into a degradation in the precision of the isochron, but has a limited effect on the age. *E-mail: Davidson-j.p.davidson@durham.ac.uk Figure 2C presents real data from a single lava dome of the Taylor Creek Rhyolite (Knesel et al., 1999) . Measured isotopic data on single sanidine crystals describe a good positive correlation between 87 Sr/ 86 Sr and 87 Rb/ 86 Sr. If this correlation has age significance, then an age of 20 Ma is indicated (although the high MSWD should lead to the suspicion that this not a true isochron). However, if the same data points are aged for 200 m.y. rather than 20, the MSWD is reduced from 195 to 0.00016 (Fig. 2D) , so interpretation as an isochron is not simply a matter of whether the initial isotopic ratios are scattered or not, but is also a function of age.
The emplacement age of the Taylor Creek Rhyolite is well constrained from argon isotope dating and paleomagnetic studies at 27.92 Ϯ 0.04 Ma (Duffield and Dalrymple, 1990) . The discrepancy between the apparent Rb-Sr age and the argon age is due to the feldspar crystals having different 87 Sr/ 86 Sr i at time, t ϭ 27.9 Ma. Moreover, Knesel et al. (1999) showed that the 87 Sr/ 86 Sr ratio of single feldspar crystals from the Taylor Creek Rhyolite varies with the crystal size (Fig. 2D , inset), consistent with observed core-to-rim variations in selected larger crystals. If the feldspar crystals are plotted at zero age, a clear negative correlation between 87 Sr/ 86 Sr and 87 Rb/ 86 Sr is seen (Fig. 2C ). This case demonstrates that a systematic relationship between 87 Sr/ 86 Sr and 87 Rb/ 86 Sr at t ϭ 0 may result in a good isochron fit, even though the age obtained is meaningless.
PETROGENETIC INFORMATION FROM ISOCHRON DATA?
The case of the Taylor Creek feldspars raises the question of whether initial ratio data for ancient rock components can be extricated from isochrons and subsequently used to gain additional constraints on processes such as contamination that may have occurred during magma differentiation. For the Taylor Creek Rhyolite, high-quality argon isotope data giving a younger age allow us to conclude that the isochron is fictitious and, therefore, that initial heterogeneity in 87 Sr/ 86 Sr ratios characterizes the feldspar crystals.
The potential pitfalls in obtaining true ages outlined here apply equally to phaneritic intrusive rocks. Preservation of mineral-scale initial isotopic heterogeneity (as opposed to the object of the geochronologists' interest: differential ingrowth of radiogenic daughters over time at temperatures well below the solidus) in plutonic rocks requires (1) slow diffusion, the rates of which depend on the element and mineral of interest, and (2) relatively rapid cooling-or, more strictly, low integrated temperature-time histories relative to the half-life of the isotopic system used. The cooling history will depend on the volume of magma involved and its starting temperature, which in turn is a function of its composition. Evidence for heterogeneous initial ratios on a mineral scale was reported by Waight et al. (2000) for Lachlan granites (southeast Australia), by Tepley and Davidson (2003) for Rum gabbros (northwest Scotland), and by Cox et al. (1996) for the Shap Granite (northwest England). In the case of the Lachlan granites, covariation between Nd and Sr isotope ratios in core-to-rim profiles of megacrysts argues that variations are due to crystallization from magma(s) in which isotope compositions were changing as a result of open-system processes. In the case of Rum gabbros, plagioclase core-to-rim differences in 87 Sr/ 86 Sr ratios cannot be easily explained by any age effects because the Rb/Sr ratio is low and the rock is young (60 Ma); once again, open-system processes during crystallization must be invoked to impart isotopic heterogeneity to the mineral population. Figure 3 shows an isochron from a single megacryst from the Shap Granite. The late Caledonian Shap Granite is renowned for its mafic enclaves with K-feldspar megacrysts, many of which are rimmed with plagioclase. The presence of mafic inclusions in both plutonic and volcanic environments is commonly cited as evidence for interaction between magmas of different compositions (e.g., Bacon, 1986; Holden et al., 1987; Davidson and Tepley, 1997) . Cox et al. (1996) , in a detailed isotopic study of the Shap Granite, concluded that the megacrysts originated in the granite and were mechanically incorporated into a mafic magma that now forms the inclusions. The plagioclase rims were grown from this mafic magma. The single crystal isochron of Figure  3 gives an age of 405 Ϯ 2 Ma, broadly consistent with the Caledonian emplacement age. However, both the zircon age (390 Ϯ 6 Ma; Pidgeon and Aftalion, 1978) and the K/Ar (biotite) age (397 Ϯ 7 Ma; Rundle, 1992) are significantly younger than the isochron age of Figure 3 .
The initial ratios for two core and two rim samples corrected for 397 m.y. (the K/Ar emplacement age) of radioactive ingrowth of 87 Sr are distinct from each other. The two core samples both give 87 Sr/ 86 Sr 397 ϭ 0.70739. The plagioclase rim data are significantly lower, 87 Sr/ 86 Sr 397 ϭ 0.70717 and 0.70726. This distribution of 87 Sr/ 86 Sr i ratios suggests that a lower 87 Sr/ 86 Sr mafic magma picked up the megacrysts from a high 87 Sr/ 86 Sr granite magma and that the plagioclase rim overgrowths were formed from the more mafic magma.
CAN ISOCHRON QUALITY BE USED TO EVALUATE INITIAL 87 Sr/ 86 Sr RATIO HETEROGENEITY?
The problems of unraveling the isotopic effects of aging from those of primary isotopic heterogeneity have been addressed frequently (e.g., Zheng, 1989; Powell et al., 2002) , but always in the context of producing the most accurate and reliable age information. We argue here that if ages can be independently determined, then any variations in initial ratio-effectively residual after age correcting each samplecan provide important petrogenetic constraints.
The validity of an isochron is often justified on the basis of the MSWD, which is effectively a measure of how well points fit the correlation line. Brooks et al. (1972) suggested that in order to be considered a satisfactory isochron, MSWDs must be Ͻ2.5. However, note that (1) for a given data set the MSWD deteriorates as the errors on the data points decrease (it effectively becomes less easy to pass the correlation line within the error bars) and (2) for a given isochron the MSWD improves as slope (age) increases (the significance of the latter observation has been illustrated for the case of the Taylor Creek feldspars in Figs. 2C, 2D) .
The simulation of Figures 2A and 2B shows that a random variation in 87 Sr/ 86 Sr i translates into increased MSWD at a given age. In principle, however, the age is still geologically meaningful, even if it may not be acceptable on the basis of statistical tests. If, however, the initial variation is systematic (e.g., due to open-system mixing or contamination), then isochrons are generated that can be very good (based on low MSWD), but the ages are geologically meaningless. In such a case, if the real age is known, then the variation in 87 Sr/ 86 Sr i can be used to illuminate petrogenetic processes of mixing or assimilationfractional crystallization (AFC) that were involved in petrogenesis (Fig.  4) . The general principles illustrated in Figure 4 are valid for a series of differentiated magmas (whole rocks or glasses, or minerals, and core-to-rim profiles of single minerals) that crystallized during opensystem differentiation, although additional scatter may be introduced in the case of minerals if Rb and Sr distribution coefficients vary significantly or nonsystematically with melt evolution. In the models of Figure 4 , both the mixing and AFC scenarios aged for 200 m.y. would be statistically acceptable as isochrons and, in the absence of evidence to corroborate or refute the interpretation, would be assigned chronological significance. Independent determination of the true 200 Ma age allows the 87 Sr/ 86 Sr i ratio to be used as evidence for mixing or AFC during petrogenesis. Isotope data from two or more systems are useful in this regard; it is highly unlikely that open-system processes acting to produce a range in, for example, 87 Sr/ 86 Sr i and 143 Nd/ 144 Nd i ratios would produce identical isochron ages, given the different respective half-lives of 87 Rb and 147 Sm as well as the different fractionation behaviors of Rb-Sr and Sm-Nd. Petrographic criteria such as mineral disequilibrium and trace element indicators of contamination should be used in conjunction with the isotopic data in assessing the degree to which the 87 Sr/ 86 Sr i ratio reflects primary open-system magma behavior versus postcrystallization ingrowth of 87 Sr.
SUMMARY
1. The common observation of significant variation in 87 Sr/ 86 Sr i among components of zero-age rocks suggests that the assumption of a constant 87 Sr/ 86 Sr i ratio in isochron analysis of ancient rocks may not be valid in many instances.
2. Statistical methods may not be able to distinguish between constant or variable 87 Sr/ 86 Sr i ratios, particularly as rocks become older or if the 87 Sr/ 86 Sr i ratio is correlated with the 87 Rb/ 86 Sr ratio as a consequence of petrogenetic processes.
3. Independent ages are needed to evaluate rock-component isochrons. If they do not agree, then the age-corrected 87 Sr/ 86 Sr i ratios of the rock components (minerals, melt inclusions, groundmass) may constrain differentiation mechanisms such as contamination and mixing.
